We devised a method of measuring the open-loop gain for C02-ventilatory feedback control system. The procedure is to gradually increase then decrease the PIco2 while measuring Picoz and PAco2. We theorized that the gain is aPIco2/aPAco2-1. We measured this gain in 11 young healthy subjects and found the value to be 3.24, quite different from what had been reported so far by a conventional method. The conventional method calculates the gain as the ratio of the slope of C02-response curve (s) over that of metabolic hyperbola. Analysis revealed that the conventional method requires an accurate knowledge of s-value at the very operating point. The assumption that the CO2 response curve is linear down to the operating point is probably the source of error. The open-loop gain for CO2 ventilatory control is in the order of 3, from which we may extrapolate that the slope of C02-response curve at the operating point is much flatter than the normal value of more than 21/min/mmHg2 open-loop gain ; ventilatory response for C02; feedback control ; operating point Ventilatory response to CO2 is usually expressed by a so-called "C02-response" curve, which is expressed by Pco2 vs minute ventilation.
Ventilatory response to CO2 is usually expressed by a so-called "C02-response" curve, which is expressed by Pco2 vs minute ventilation.
Several investigators attempted to use the "gain" for the C02-feedback loop. The concept of the loop "gain" is sound and is widely used in the field of control-engineering.
It is also used in some fields of physiology, especially in circulatory physiology (Sagawa et al. 1961; Hatakeyama 1967; Hosomi 1978 ; Suwa and Yamamura 1980; Hosomi and Yokoyama 1981; Khoo et al. 1982) .
The "slope" of the CO2-response curve and the loop "gain" of the CO2 control system is obviously related to each other, but the latter has several advantages over the former.
Of all the advantages conceivable, the most important is the fact that the gain is a parameter of the "control", and that its concept assumes a feedback control system. The slope of CO2 response curve is, on the other hand, merely a parameter of the "response".
To our knowledge, the report of gain for the CO2-ventilatory control system comes from three investigators' groups. Berger et al, report (Berger et al. 1977 ) its value to be 10 in their review without giving the detail. Milhorn, in his book (Milhorn 1966) , presented the value to be 16. Honda et al. (Honda et al. 1983) recently reported that this is 17 to 20 (mean 16.6) . All three used the same method ; the gain is the absolute (positive) value of the ratio of the slope of CO2 response curve over that of the metabolic hyperbola (PAC02=0.863 Vco2/VA) on the same axis (Pco2 vs VE). The principle of this calulation is, at least superficially, sound. There appears to remain little room of suspicion for such results.
We recently devised a different method of measuring this value of gain, and obtained an entirely different result.
This paper reports that the open loop gain of the CO2 control system is in the order of 2 to 5 rather than 10 to 17 as reported before. It attempts to explain where the discrepancy stems from.
THEORETICAL ANALYSIS
When one attempts to obtain the value of gain in CO2 ventilatooy control system, he either intuitively or clearly assumes a feedback circuit. In this analysis we assume a system as shown in Fig. 1 , a conventional well-established feedback circuit (Milhorn 1966; Riggs 1970) .
If the signal around the loop in Fig. l with the loop open increases by x times (x being negative usually), then the open-loop gain (OLG ; g) is abs(x) (the absolute value of x). In our imagination or in the laboratory setting, we may separate the chemoreceptor from the rest of the body ("open-loop"), and increase its Pco2 by 1 mmHg, then the ventilation is stimulated and the Pco2 decreases. If this Pco2 decrease is 5 mmHg, then the gain is said to be 5. Obviously, the stronger the response of ventilation, the more the Pco2 decreases and the higher the gain. The response of the rise in Pco2 with the loop closed (1Pco2C) and that in Pco2 with the loop open (JPco20) are related by the following formula as described in the legend for Fig. 1 .
/Pco2c can be determined easily, by actually measuring the PaC02 or PAC02 (end-tidal Pco2), before and after adding CO2 in the inspired air. aPco20, while it cannot be determined directly, should be the same as the rise in PIC02 (JPco20= aPiC02), because when the loop is open, PAC02 is determined only by PIC02 and should increase by the same magnitude at the steady state (Fig. 1) .
Therefore, if we add CO2 into the inspired air and while measuring the Pco2, the gain can be obtained by comparing the Pco2 with the increment in PAco2,
The meaning of this formula is the following ; if the feedback loop gain is half of that in Pico2, and so on.
If it is unity then the rise in PAco2 is
METHOD
In preliminary experiments, we validated observations of other investigators (Read et al. 1964) , namely that the PAco2 response to the increased Picot is considerably faster than the response of the minute ventilation. Fig. 2 indicates an example of such response. We assumed therefore that for a period of 30 min we can obtain the steady state response, even though the procedure may appear to be frequency-response analysis.
Eleven young male adults participated in this study. The objectives and the procedure of the study were explained and consents were obtained. They were seated on a confortable chair and breathed oxygen from an anesthesia circuit via a face-mask. The C02 at the mask was monitored and recorded continuously by using an infrared analyzer (AIKA : RAS-31). After the waiting period of 20 min, the C02-absorber was gradually turned off from the circuit and the Picot was allowed to increase. After a maximal value of Picot was reached, the CO2 absorber was slowly placed back into the circuit and the Picot was returned to near zero. The whole procedure, excluding the waiting period of 20 min, was done in 30 min. The highest Pico2's (Pco2max) applied to individual subjects were between 20.0 and 43.9 mmHg, achieving the highest PAco2's (PAco2 max) 43.4 to 71.2 mmHg (Table 1) .
From the airway C02 tracing, 16 to 42 pairs of PIco2 and PAco2 values were read at It must be noted that this block diagram is a conceptual expression of the C02-control system, assumed by many investigators consciously or subconsciously. Exact locations, characteristics and/or performances of individual components are beyond the scope of this investigation.
RESULT
In all eleven subjects studied, excellent correlations were observed between PIcoZ and PAco2 values. Examples are given in Fig. 3 . We originally anticipated that, for the same Picot, the PAco2 with the CO2 rising is lower and that the PIco2-PAco2 plot rotates counter-clockwise. This was not found to be the case, and there was no consistency which PAco2 is higher for the same Picot level whether going up or coming down. In seven cases out of 11, PIco2 PAco2 relations were slightly concave at the high Pco2 range. In these cases, the data points at the high-end of Pic02 were removed and the only linear portion of plot was analyzed again (Fig.  3) . This procedure reduced the data points, lowered the maximal Picot and PAco2 and decreased the r slightly. The values for minification and for the gain were calculated both using the original data and using revised data. The mean value of gain for revised ("linealized") data was 3.24 (Table 1) .
DISCUSSION
When we devised this current method of measuring gain, we adopted this simply because it is easier to apply than the conventional method. As far as the result is concerned we expected to be able to obtain a similar value for gain. Quite surprisingly, however, it yielded an entirely different value of gain and we were forced to investigate its meaning somewhat more deeply.
The two methods differ greatly from each other in their measuring procedure, and their calculation. Theoretical background which they were based upon, however, are identical. The OLG could be obtained as the ratio of the slope of CO2 response curve over that of metabolic hyperbola at their crossing point, because the OLG is G(s) H(s) in Fig. 1 , and G(s) is !Pco2/aVE (inverse of the slope of the metabolic hyperbola), and the H(s) is equal to the aVE/aPco2
(the slope of CO2 response curve). Therefore, if everything was done correctly, then the two method should yield identical results. The discrepancy between the two values of gain stems not from their basic models or principles, but either from the The measuring procedure of ours is not truly static, though we analyzed the data as such. Strictly speaking, the data should be treated as those on a frequency domain at a frequency of 0.033/min or 0.00056 Hz. A ventilatory response to C02 is known to be considerably slower than the PAcoZ response to the same input (Read et al. 1964 ), yet the former is usually treated as steady state. We could detect no consistent phase shift on PIco2-PAco2 plot (Fig. 3) , either. From these two reasons, we conclude that it is fair to treat our data as those in steady state. It is to be realized that an adaptation process is likely to occur as we increase the time of C02 administration.
In order to check our experimental data, we first looked for literatures in which Picot and PAcoZ were given simultaneously, so that we could calculate the gain from the reported data. We have found a fair number of such papers. Dejour et al. present such data, in which they gave Picot up to 28.2 mmHg in four subjects, each of which consists of four data pairs of Picot and PAcoZ (Dejour et al. 1965) . The values for gain were calculated to be 3.90, 7.21, 5.75 and 2.79 (4.91 ± 1.96). The famous classical paper of Haldane and Priestly gives two sets of data (Haldane and Priestley 1905) . The data of subject JSH results in an excellent correlation between Picot and PAcoZ, yielding the gain of 2.85. The other set of data (JGP) gives no significant correlation and the gain calculation was abondoned. There are other papers in which either the individual or mean values of Picot's and PAco2's (or Pac0Z's) are presented. Forster et al. (Forster et al. 1982) presents the increases in PAcoZ are 0.7 and 0.9 to the increases in Picot of 7 and 14 mmHg, allowing the gain to be calculted in our method as 9 and 15 (mean of eight subjects). Stoll (1969) , using a similar model to ours but a more elaborate analysis on a frequency domain, concluded the value of PA(S)/PT(S) to be 0.18, yielding a static gain of 4.56 (two subjects). Schaefer's data (Schaefer 1958) , in a very large series of experiments, yield the value for gain of 3.37 (N 1= 44) and 5.31 (N 2 = 22). These references indicate that while a few subjects in our group may have unusually low gain (two values were slightly less than 2, and a third was barely over 2), they basically belong to the same group as those already reported.
Before discussing which value is correct, let us first discuss what is the meaning of gain being 3 or its being 15. As the formula indicates, the higher the gain the more tightly controlled the steady PAcot. Assume that the subject receives Picot of 10 mmHg. If the gain is 3, his PAcot should increase by 2.5 mmHg (M=1/(1+ g) =0.25). If the gain is 15, the increase in PAcoZ is only 0.63 mmHg. While such high gain as 15 may be beneficial in one sense, it creates a problem of instability.
Any feedback system has a potential for instability ; it causes the system, or the output, to oscillate. The possibility of such instability increases markedly as the gain increases with other factors (the system order, the dead-time around the loop, etc) remaining constant (Milhorn 1966; Riggs 1970 ; Suwa and Yamamura 1980; Khoo et al. 1982 ). The gain value of 15 is much more likely to cause oscillation. A recent theoretical analysis (Khoo et al. 1982 ) predicts that periodic breathing (PS) or the Cheyne-Stokes respiration (CSR) should occur when the gain increases by 25%. They assumed a slope of C02-response curve to be 1.44 1/min/mmHg (0.0241/sec/mmHg).
In their model, therefore, a slope of 21/min/ mmHg should induce PS or CSR. Then, CSR is not an unusual form of respiration, but may be considered more of natural phenomena. If, on the other hand, the gain is 3, then a third factor is required to cause the CSR; a prolonged dead-time, a markedly increased gain, and/or an interaction from an additional feed-back system such as oxygen-ventilatory regulation as hypothesized before (Longobardo et al. 1966; Khoo et al. 1982) . In any event, it is a matter of practical, as well as physiological, importance whether the gain is 3 or 15.
Let us now discuss more about the relationship between the gain and the C02-response curve. For the sake of simplicity, we use PAco2 vs VA plane rather than PAco2 vs VE plane. Let us further assume that the normal operating point is located at PAco2 of 40 mmHg and VA of 41/min. This will automatically fix the Vco2 at 185.4 ml/min. The slope of the metabolic hyperbola at the operating point is -0.1. When the Pi~o2 is not zero, VA increases as well as the PAco2. We may write the following two equations, ~ where g is the value for gain. This is a form of mathematical expression of C02 response curve. If we assume the gain to be constant at any PAco2 (not an illogical assumption), then the graph for equation 3 is not linear but curvilinear (hyperpobla), the asymptote of which is PAco2=(40+40/g) (Fig. 4) . If, on the other hand, we assume that the C02-response curve is really linear down to the operating point (the important assumption required to calculate the It is not illogical, either, to consider a possibility that the gain decreases rapidly as PAco2 deviates from the physiological operating point. It is essential, however, that, for the gain being 10 at Pco2 of 40, the slope of C02 response curve is indeed 1 l/min/mmHg "at PAco2 of 40 mmHg" (the operating point). It is still a matter of debate whether the C02-response curve is really linear down to the control level (no C02 in the inspired air). At least there are subjects whose curves are definitely non-linear (Fenn and Craig 1963; Anthonisen et al. 1965; Cunningham 1974; Foldering et al. 1974 ). The C02 response curve is usually determined by certain amount of C02 in the inspired air and clearly increasing the PAco2 above the control level. It is in fact a rule for the control pair of PA~o2 and VE not to be included for its determination (Cherniack et al. 1977) . This means that the C02-response curve gives little information at the operating point. We are not permitted to assume that the slope s detemined in a usual manner apply at the oerating point.
In order to be able to calculate the gain value as the ratio of "s" over the slope of metabolic hyperbola, we need a slope right at the operating point, which is difficult to obtain, if ever possible. A considerably lower gain would suffice to achieve a straight line of C02-response curve, once PA~o2 increases from the control level by only a modest amount (Figs. 4 and 5) . The gain value of 10 to 17 so obtained was likely to be calculated too high.
Our method of measuring and calculating the gain uses the data right down to the operating point. The relationship between PI~o2 and PAco2 appears linear as long as Pi~o2 is small. We estimate that the gain of C02 control system at the operating point is in the order of 3, and seldom goes beyond 10. As a corollary, we also estimate that a slight "curve" (or a so-called "dog-leg" pattern) of C02-response curve at the operating point may be more of normal findings rather than exceptions.
